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SYNOPSIS 
In a time when the world is becoming more environmentally conscious, and is looking 
for simple, efficient, economical, and environmentally friendly solutions to sewage and 
sludge treatment, the dual digestion system presents itself as an attractive alternative 
to other sludge treatment systems. The dual digestion system comprises an 
autoheated thermophilic (55-65°C) aerobic first stage and a mesophilic (37°C) 
anaerobic second stage. Past research into the dual digestion system has given rise, 
inter alia, to the following claims (de Villiers, et al, 1991): 
a) sludge disinfection and stabilisation occur in one process - disinfection 
.in the thermophilic aerobic first stage and stabilisation in the anaerobic 
second stage. 
b) the stability of the anaerobic stage is considerably 'improved by the 
increase in H2C03 * alkalinity and pH in the aerobic stage. 
c) in the aerobic stage the sludge is aerobically or thermally pretreated 
(conditioned) making it more readily digestible under anaerobic 
conditions, thereby allowing significantly reduced retention times from 
25 t~ 30 days for normal digestion, to 8 to 10 days. 
Messenger (1991), in a full scale investigation at the Potsdam Wastewater Treatment 
Plant in Milnerton, Cape Town, verified claims (a) and (b), but was unable to verify 
claim ( c) above. It was the intention in this investigation to verify this claim at full 
scale using the existing dual digestion plant at Milnerton. However, after 9 months of 
starting up the plant, the fiberglass aerobic tank failed structurally along one of its 
seams. This failure was so extensive that the plant could not be started up again and 
the research project was terminated. 
The failure of the aerobic reactor necessitated continuing this thesis investigation in 
the laboratory. With regard to claim (c) above, no conclusion could be reached by 
past research as to whether the conditioning of the sludge was caused simply by the 
heating of the sludge or by the biological action of the thermophilic bacteria on the 
sludge. Therefore, it was the initial intention of the laboratory investigation to 
operate 3 anaerobic units using 3 different feed sludges viz: 1) autotheral 
thermophilic aerobic sludge, 2) sludge heat treated to thermophilic temperatures, and 
3) primary sludge as a control. By comparing the anaerobic performance of feed 
sludge types (1), (2) and (3) above, with progressively reduced retention times, it was 
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hoped to establish which feed type displayed superior anaerobic digestibility ie. which 
feed type could be treated at the lowest anaerobic retention time. The difference in 
digestibility between feed types (1) and (2) would indicate whether the heating only, 
or the aerobic biological heating, conditioned the sludge. However, difficulties were 
experienced in starting up and operating an autothermal thermophilic aerobic reactor 
at laboratory scale and this part of the investigation had to be abandoned. 
Consequently, experimentation continued using only feed sludge types (2) and (3) 
above. The objectives of the investigation were modified since it would no longer be 
possible to establish the difference in anaerobic digestibility between the heat treated 
sludge and the thermophilic aerobic sludge. The objectives of this investigation , 
therefore, became to: 
(1) determine whether or not the exposure of the sludge to thermophilic 
temperatures caused the conditioning of the sludge 
(2) determine how the performance of the anaerobic digester fed heat 
treated primary sludge compared with a digester fed untreated primary 
sludge 
In order to fulfill the objectives above, four 14 litre anaerobic digesters were operated 
using the two different feed types (feed types (2) and (3) above). The heat treatment 
of the primary sludge took place in stainless steel reactors that were operated at a 
retention time of 1.5 days and a temperature of 65°C. These parameters were selected 
to simulate the heating conditions in the aerobic reactor that was operated as part of 
the dual digestion system at Milnerton. The anaerobic digesters were all operated at 
a temperature of 37°C while the retention times were progressively reduced until they 
failed. The purpose of this was to establish the minimum retention for the anaerobic 
digestion of the two feed types mentioned above and, therefore, to determine if there 
was any difference in digestibility between the two sludge types. From these results it 
would be possible to determine if the heat treatment process had any conditioning 
effects on the primary sludge that enhanced anaerobic digestion. 
The results from the experiments described above gave rise to the following 
conclusions: 
(1) As indicated by measurements and calculations of the following 
parameters: 
a) percent volatile solids (VS) removed 
ii 
b) percent COD removed 
c) gas produced per VS and COD removed 
d) digester gas composition (% C02 and CJ4) 
e) pH 
f) H2C03 * alkalinity 
g) Short chain fatty acid (SCFA) concentration 
h) SCF A:alk ratios 
the digestibilities of the primary sludge and the heat treated sludge 
showed no significant difference. 
(2) There was no noticeable conditioning of the primary sludge by the heat 
treatment process insofar as digestibility is concerned. 
(3) The digesters fed primary and heat treated sludge were both operated 
under stable conditions at a retention times of 20, 15, 12, 10 and 7 days, 
but failed at a retention time of 4 days. 
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Past research at a bench scale (Drnevich and Matsch, 1978) has shown that the 
anaerobic stage of a dual digestion system can be operated at a retention time as low 
as 3 days. This thesis investigation has shown that a normal digester fed primary 
sludge can be operated a retention time as low as 7 days. Therefore, it is possible that 
claim ( c) above, regarding digester retention times, takes into account a safety factor 
so that the given retention times are relevant to full scale digestion under conditions 
that are not ideal. 
From this thesis investigation it is clear that thermophilic heat treatment of primary 
sludge does not improve the digestibility of the sludge under anaerobic conditions. In 
other words, the heating process does not condition the sludge. This result indicates 
that in a dual digestion system, the heat generated in the aerobic stage is not 
responsible for the conditioning effect that the aerobic stage has on the sludge. It is 
most probable that that the bacteriological action on the sludge is responsible for any 
conditioning. However, the effects of the aerobic conditioning on the anaerobic 
digestion process are still uncertain and more research on this system is required to 
conclusively verify some of the claims about it. 
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In municipal wastewater treatment plants the incoming sewage is usually separated 
into the liquid (settled sewage) and solid phases (primary sludge) by primary 
sedimentation. The settled sewage is treated biologically, commonly by activated 
sludge or trickling filters. In these processes particulate and soluble pollutants at a 
low concentration are transformed and removed from the wastewater as a 
concentrated low volume sludge (secondary sludge), leaving a clear effluent stream. 
The secondary sludge is added to the primary sludge for further treatment. 
Having treated the settled sewage, it remains to treat the combined primary and 
secondary sludges. This sludge is a putrefactive concentrated aqueous suspension of 
organic material containing mainly biodegradable, but also some inert substances. 
The putrefactive organic nature of the sludge makes it a potential public nuisance and 
health hazard. It is very active biologically and is prone to intense biodegradation 
which produces unpleasant odours and provides a site for insect and fly breeding. 
Uncontrolled disposal of this sludge without treatment can seriously pollute surface 
and ground waters and contaminate land with human pathogens and heavy metals. 
Generally, the treatment of sludge involves the controlled degradation of the 
putrefactive organic fraction of the sludge. This process is called stabilisation. After 
stabilisation the sludge is dewatered, which concentrates the sludge further into as 
small a volume as possible. This eases sludge handling problems such as 
transportation. The concentrated sludge can be disposed of in a number of ways such 
as incineration and land fill, or in more beneficial ways such as a soil conditioner. 
In many countries, especially European countries, the most common way of sludge 
disposal is as a soil conditioner. Apart from the beneficial aspects of this method, it 
can also be a very economical method. However, there are some associated health 
risks. The stabilising and dewatering processes do not disinfect the sludge sufficiently 
for the levels of pathogens, such as Salmonella and Ascaris Lumbricoides, to be within 
safe limits. To reduce the health risk the sludge would need to be disinfected. 
Processes that reduce pathogen levels to acceptable limits include wet air oxidation 
1 
(Zimpro ), composting under certain conditions, beta and gamma ray radiation and 
pasteurisation (70°C for 30 minutes). 
Another health problem associated with using sludge as a soil conditioner is the one 
of contamination by heavy metals such as Cadmium, Mercury and Lead. Municipal 
wastewater treatment plants with large industrial effluent contributions will most 
probably experience high heavy metal concentrations in their sludges. Heavy metals 
pose a health risk since high concentrations in plants and animals, including man, 
become toxic causing growth inhibition, deformities and expiration. The extraction of 
heavy metals from sludge is costly and difficult, so it is best to deal with the problem 
at the source and prevent the discharge of effluents containing heavy metals. 
Nevertheless, all sludges will invariably contain some traces of heavy metals, and 
depending on the level, the sludge may, if used as a soil conditioner, be a potential 
health risk. 
In South Africa the most favoured sludge stabilisation process is mesophilic (35°C -
38°C temperature range) anaerobic digestion. In this process the degradation of the 
biodegradable fraction of the sludge produces carbon dioxide and methane gases. 
Methane is a high energy gas that is combustible, and so it is a useful form of energy. 
At many wastewater treatment plants using anaerobic digestion the methane is 
collected and used to provide heating of the anaerobic sludge to mesophilic 
temperatures; or it may be used to power a gas combustion engine which drives other 
mechanical equipment like turbines and pumps. However, while anaerobic digestion 
effectively stabilises the sludge, it does not disinfect the sludge sufficiently to reduce 
the pathogenJevel to an acceptable limit. 
"J_: 
In European countries aerobic digestion is the a common sludge stabilisation process 
and when operated at thermophilic temperatures ( > 60°C ), also satisfactorily 
disinfects the sludge. In this process temperatures in excess of 60°C can be 
maintained autothermally at retention times of 6 - 8 days. The biological reactions 
that lead to stabilisation also generate heat and eliminate the need for costly external 
heating of the sludge. However, this process consumes energy for aeration and so 
maintenance and running costs are relatively high. 
With growing concern about the health risks associated with using stabilised sludge for 
agricultural purposes, disinfection to specified limits by recognised methods like 
pasteurisation is often recommended or required. In South Africa where mesophilic 
anaerobic digestion is popular, the conversion to thermophilic aerobic digestion for 
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the purpose of attaining simultaneous pasteurisation and stabilisation would be 
impractical as well as costly: it would convert the. anaerobic digesters from net 
producers of energy to consumers of energy. 
The dual digestion system, which comprises a thermophilic aerobic first stage and a 
mesophilic anaerobic second stage, seeks to overcome this problem. It combines the 
advantage of pasteurisation by the autothermal thermophilic aerobic digestion with 
the advantage of energy efficient stabilisation of the mesophilic anaerobic digestion. 
Due to the high rate of metabolism in the aerobic stage, sufficient heat is generated to 
sustain high sludge loading rates, with the result that short retention times of 1 - 2 days 
are possible. At these short retention times the sludge is heated for a sufficient time 
for it to become pasteurised, but only very limited stabilisation takes place. 
Stabilisation is completed in the anaerobic stage. The heat generated in the aerobic 
stage is sufficient to maintain mesophilic temperatures in the anaerobic stage without 
any other heating. As a result, all the methane produced by the anaerobic stage is 
available for uses other than on the dual digestion system. 
Research into the dual digestion system has given rise, inter alia, to the following 
claims (de Villiers, et a~ 1991): 
a) sludge disinfection and stabilisation occur in one process - disinfection in the 
thermophilic aerobic first stage and stabilisation in the anaerobic second 
stage. 
b) no external heating of the anaerobic digester is required since all the heat 
required is supplied by the hot sludge from the first stage. 
c) the process is a net producer of energy since all the biogas produced is 
available for uses other than on the dual digestion system. 
d) the stability of the anaerobic stage is considerably improved by the increase in 
H2C03 * alkalinity and pH in the aerobic stage. 
e) in the aerobic stage the sludge is aerobically or thermally pretreated 
(conditioned) making it more readily digestible under anaerobic conditions, 
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thereby allowing significantly reduced -retention times from 25 to 30 days for 
normal digestion, to 8 to 10 days. 
A full scale dual digestion plant was set up at the Potsdam Wastewater Treatment 
Plant in Milnerton to investigate the systems and the claims made for it. In this 
investigation most of the claims stated above were supported (Messenger, 1991). The 
one claim that was not conclusively verified was the one regarding the shorter 
retention times of the anaerobic stage ie. ( e) above. Also, no conclusion could be 
reached as to whether the conditioning of the sludge was produced simply through the 
heating of the sludge or the autothermal biological heat generation of the sludge. It 
was the intention of this thesis to verify this claim at full scale using the plant at 
Milnerton. However, 9 months after. starting up the plant, the fiberglass aerobic 
tank failed structurally along one of its seams. This failure was so extensive that the 
plant could not be started up again and the research project was terminated. 
The failure of the aerobic reactor necessitated continuing this thesis investigation in 
the laboratory. Initially the intention of the laboratory investigation was to operate 3 
anaerobic units using 3 different feed sludges viz: 1) autotheral thermophilic aerobic 
sludge, 2) sludge heat treated to thermophilic temperatures, and 3) primary sludge as 
a control. By comparing the anaerobic performance of feed sludge types (1), (2) and 
(3) above, with progressively reduced retention times, it was hoped to establish which 
feed type displc~.yed superior anaerobic digestibility. The difference in digestibility 
~ 
between feed types (1) and (2) would indicate whether the heating only, or the aerobic 
biological heating, conditioned the sludge. 
However, difficulties were experienced in starting up and operating an autothermal 
thermophilic aerobic reactor at laboratory scale and this part of the investigation had 
to be abandoned. Consequently, experimentation continued using only feed sludge 
types (2) and (3) above. The objectives of the investigation were modified since it 
would no longer be possible to establish the difference in anaerobic digestibility 
between the heat treated sludge and the thermophilic aerobic sludge. The objectives 
of this investigation , therefore, became to: 
(1) determine whether or not the exposure of the sludge to thermophilic 
temperatures caused the conditioning of the sludge. 
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(2) determine how the performance of the anaerobic digester fed heat 
treated primary sludge compared with a digester fed untreated primary 
sludge. 
The layout of this thesis is as follows: in. Chapter 2 the experimental investigation is 
discussed in detail. In Chapter 3 the results from the experiments are presented, 
evaluated, discussed and compared with results on anaerobic digestion of sewage 




OVERVIEW OF EXPERIMENTAL INVESTIGATION 
2.1 INTRODUCTION 
This chapter gives an overview of the experimental procedures that led to the 
completion of this investigation. The day to day operation of the digesters and 
reactors is discussed first, followed by a listing of the tests conducted on the influent 
and effluent sludges. A discussion is presented on the monitoring of digester stability 
and the manner in which it was done in this thesis. Finally, a description is given of 
the operational changes made to each digester operated in this investigation. · 
2.2 OPERATION OF THE MESOPHILIC ANAEROBIC DIGESTERS AND THE 
THERMOPHILIC HEAT TREATED SLUDGE REACTORS 
In this investigation four mesophilic anaerobic digesters (hereafter called 'digesters') 
and two thermophilic heat treatment reactors (hereafter called 'reactors') were 
operated. The digesters were fed either primary sludge or heat treated sludge, while 
the reactors were fed only primary sludge. The primary sludge was collected from the 
Milnerton Wastewater Treatment Plant's primary sludge storage tank and stored in 
the laboratory in 30 litre containers at a temperature of 4 °c. Prior to storage the 
sludge was seived by hand through a 3mm wire mesh so that large particles and pieces 
of cloth would not block or clog the reactors or the digesters. The batches of sludge 
collected were stored for no more than 10 days at a time. 
In order to comply with the heating conditions of the aerobic reactor ·of the Milnerton 
dual digestion system (Messenger, 1991) the reactors were operated at a retention 
time of 1.5 days and a temperature of 65°C. To attain this temperature the reactors, 
which were made of stainless steel, were placed in a heated water bath with a 
thermostatic temperature controller. The two reactors were operated each with a 
capacity of 2.25 litres and fitted with an overhead motorised stirrer for mixing the 
sludge. Theoretically, only one 4.5 litre reactor was necessary but at the time of the 
experimentation the only suitable equipment available were two 2.25 litre reactors. 
The reactors were batch fed once a day with primary sludge . The quantity of sludge 
fed to the reactors was calculated so that the amount of sludge wasted from the 
reactors daily equalled the amount of heat treated sludge required for feeding the 
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anaerobic digesters and for sampling, while maintaining a reactor retention time of 
1.5 days. A photograph of the reactors in the water bath can be seen in Figure 2.1. 
For more details on the design and operation of the reactors see Appendices A and B. 
While only two digesters were necessary because only two different feed types were 
investigated, four anaerobic digesters were operated in the experimental investigation; 
two additional digesters were operated to obtain as much data as possible in a short 
period of time. The digesters, named Dl to 04, were all started up with anaerobic 
sludge collected from the anaerobic digesters at the Mitchell's Plain Wastewater 
Treatment Plant. The digesters each had a capacity of 14 litres and were equipped 
with overhead motorised stirrers for sludge mixing. The digesters were operated at a 
temperature of 37°C. The temperature was controlled by means of individual flexible 
heating coils wound around the digester walls and connected to thermostats (see 
Figure 2.2). Each digester was completely sealed except for a gas outlet pipe that was 
connected to a gas meter, and a sludge feed inlet pipe that was sealed except during 
sludge feeding. Sludge was withdrawn by gravity from the base of the digesters 
through an outlet pipe that was sealed with a clamp. The entries of the stirrer shafts 
into the digesters were sealed by water seals. For more detailed information on the 
design of the experimental apparatus and the operating procedures see Appendices A 
andB. 
The main aim of this thesis investigation was to run the digesters at progressively 
shorter retention times until the digesters failed; this was to establish the minimum 
retention time for the primary and heat treated sludge feeds. A comparison between 
the results from the digesters fed with the two feed types would indicate which feed 
type had superior digestibility and, therefore, whether or not the heat treatment 
process conditioned the sludge. In order to do this the dig esters were. run for a period 
of at least 3 retention times for each of the different retention times tested. The first 
retention time period at each retention time served as a stabilising period. The next 2 
retention times were for the collection of relevant data that would be indicative of the 
performance of the digester at that particular retention time. The digesters that were 
operated at retention times of less than 10 days would be run for 4 retention time 
periods in order to obtain more information over a longer period of time for a more 
accurate statistical analysis. The retention time ·in the digesters was reduced by 
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Figure 2.2: Photograph showing one of the 14 litre anaerobic digesters operated in this' 
thesis investigation. · · 
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Should a digester show failure, the strategy for the subsequent operation of the 
digester was planned to be as follows (see section 2.4 below for the definition of 
failure): 
1) The feeding rate of digester would be reduced drastically to between 0 
and 0.5 1/ day. This in effect would increase the retention time to 
greater than 25 days which would enable the population of anaerobic 
bacteria in the digester to recover to a stable level again. 
2) Once the digester had stabilised the feeding rate would be increased to 
about one third of the feeding rate (or 3 times the retention time) that 
caused failure until the digester showed stability at that feeding rate. 
3) The feeding rate would then be increased to the same rate that it was at 
for the shortest retention time at which the digester was operated 
successfully. The period of operation at this retention time would be for 
about 1.5 times the retention time. This would show that, after 
recovery, the performance of the digester does not change. 
2.3 TESTS CONDUCTED ON THE INFLUENT AND EFFLUENT SLUDGES 
The digester influent and effluent sludges were tested daily. This included testing (1) 
the primary sludge that was used to feed the digesters and the reactors, (2) the heat 
treated sludge that was used to feed the digesters, and (3) the sludge wasted from the 
digesters. The following tests were conducted on the reactor and digester influent 
and effluent sludges: 
1) -TKN 
"J.~-
2) Free and saline ammonia 
3) COD 
4) Total solids 
5) Volatile solids 
6) H2C03 * alkalinity 
7) Short chain fatty acids 
On the anaerobic digester the gas production and the carbon dioxide content of the 
gas were measured. More details on the sampling and testing procedures of the 
reactors and digesters appear in Appendix B. 
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2.4 MONITORING DIGESTER STABILI'IY 
In section 2.2 above a description was given of the steps to be taken when a digester 
failed. This section explains how the stability of the digesters was monitored and 
which of the measured parameters were used to indicate digester failure. 
To gauge the stability of the digesters various parameters were monitored. These 
were pH, HzC03 * alkalinity, short chain fatty acids (SCFA) and gas production. All 
of these parameters are linked in that a change one will effect changes, of varying 
degrees, in the others (Moosbrugger et al, 1992a). For instance, in the case of a 
digester on the path to failure due to overloading, the resulting increase in the SCF A 
concentration of the supernatant in the system would effect a decrease in the H2C03 * 
alkalinity. Since HzC03 * alkalinity is a buffering agent the change in pH would be 
less noticeable than the change in SCF A concentration. An increase in the SCF A 
concentration would indicate that acid forming bacteria in the system were producing 
more products than the methane forming bacteria could consume. As a result, the 
rate of gas production by the methane forming bacteria would decrease. 
The optimum pH for methane fermentation is between 7 and 8 (McCarty, 1974). 
Therefore, as long as a digester's pH falls into this range it can be considered to be 
'healthy'. Reports of the lower pH limits for methane fermentation vary from 6 
(McCarty, 1974) to 6.8 (Pretorius, 1983). In this thesis the pH value of 6.8 was taken 
to imply that the methanogenic population in the digester were under stress. The 
H2C03 * alkalinity in a 'healthy' digester may vary depending on the conditions. It 
depends on the partial pressure of the carbon dioxide in the digester gas and the pH 
of the digester liquid. The relationship between these three parameters is given in 
Figure 2.3 with an indication of the limits of normal anaerobic digester operation 
(McCarty, 1974). However, this diagram assumes equilibrium and does not take into 
account the situation where an upset in the equilibrium, like a shock load, may cause a 
rapid deterioration in the digester stability. The H2C03 * alkalinity, carbon dioxide 
partial pressure and pH may fall within the limits of normal digestion, but the system 
may be under irreversible stress unless the cause of the upset is rectified. In this thesis 
a rapid drop in the HzC03 * alkalinity after a period of stability was taken to indicate 
irreversible stress in the digester and therefore failure. 
The SCF A concentration in a digester may vary from as low as 24 mg/1 as HAc in a 
digester with batch feeding (McGhee, 1971) to over 3000 mg/I as HAc, 
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percentage in anaerobic treatment. 
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as in a completely mixed digester with high solids concentration (Shindala et al, 1970) 
while the digester maintains a pH of over 7. Therefore, there are no set limits on the 
SCF A concentration alone to indicate failure. 
During digester overloading an increase in the SCF A concentration is accompanied by 
a decrease in H2C03 * alkalinity. As a result, the SCFA:alkalinity ratio presents itself 
as a more sensitive monitoring parameter than SCFA or H2C03 * alkalinity alone. 
The SCF A:alk ratio is often monitored in full scale digesters and values of 0.1 to 0.35 
have been considered typical of well operated digesters (Ripley, et al, 1986). 
However, caution needs to be exercised when interpreting these SCF A:alk ratios 
because, strictly speaking, they imply a steady state in the digester. Most digesters at 
wastewater treatment works are continuously fed rather than batch fed and therefore 
can achieve a form of steady state. In contrast, with batch fed digesters McGhee 
(1971) showed that a batch fed digester, maintained at 10 days retention time, 
exhibited a SCF A fluctuation from about 300 mg/I as HAc 3 hours after feeding, to 24 
mg/I just prior to feeding. As a result, the SCF A:alk values given above that are 
indicative of stable operation cannot be applied to this investigation where batch fed 
digesters were operated. The results obtained from these digesters were from samples 
taken at the end of the feeding cycle with the digester being in a dynamic steady state. 
The samples were taken at the same time every day. Therefore, the daily SCFA:alk 
ratios of the digesters operated were consistently low (below 50 mg/I as HAc) and a 
sudden and continuous increase in this value was taken to indicate that failure had 
occurred. 
In this investigation the SCFA and H2C03 *alkalinity values were measured directly. 
For digesters where these tests cannot be performed Ripley, et al, (1986) suggested a 
test that gives the IA:PA (intermediate alkalinity:partial alkalinity) ratio, which is 
analogous to the SCF A:alk ratio. He also showed that a rapid increase in the IA:P A 
ratio is indicative of imminent failure. 
2.5 DESCRIPTION OF OPERATIONAL CHANGES MADE TO THE 
DIGESTERS Dl, D2, D3 AND D4 
This section describes the operational changes that were made to each individual 
digester and gives reasons for these changes. 
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2.5.1 DESCRIPTION OF OPERATIONAL CHANGES MADE TO DIGESTER 
Dl 
Digester Dl was started on day 1 with anaerobic sludge from Mitchell's Plain 
Wastewater Treatment Plant. This sludge was tested and the results showed that it 
was a 'healthy' anaerobic sludge and had originated in a digester that was operating 
under optimum anaerobic conditions. The Dl digester was run at a retention time of 
20 days for 62 days. During this time the digester volume was maintained at 14 litres 
with a daily feed of 0.7 litres of heat treated sludge. Throughout the experimentation 
the temperature of the digester was maintained at 37°C. The test results, specifically 
the H1C03 * alkalinity, pH, SCF A, and gas production, were relatively constant 
throughout the 62 days of this phase of experimentation (for day-to-day tables and 
graphs of this data see Appendix C). The results were therefore considered to be 
representative of the characteristics of the sludge under the conditions in the digester 
at 20 days retention time. A summary of the operational changes to digester D 1 is 
given in Table 2.1, and the averages of the measured parameters for this period are 
given in Table 3.1. 
From day 64 to day 112 the sludge from the digester was stored in the laboratory at 
4°C without any feeding due to a break in the experimentation. On day 113 the 
sludge was transferred back to digester Dl and heated to 37°C over one day. Feeding 
started at a rate of 1.16 litres per day for 2 days, but the digester showed signs of 
instability and so the feeding was stopped for one day. For the following 5 days the 
feed rate was increased to 0.61/day. By this time the digester was showing signs of 
stability: the H2C03 * alkalinity was constant, as was the pH, and the gas production 
had increased and remained stable. The feed rate was therefore increased to 1.16 
1/ day and maintained at this level for 36 days. During this time the_ digester volume 
remained constant at 14 1, which gives a retention time of 12 days. The test results 
were relatively constant throughout the 36 days of this phase of experimentation (for 
day-to-day tables and graphs of this data see Appendix C). The results were therefore 
considered to be representative of the characteristics of the sludge under the 
conditions in the digester at 12 days retention time. A summary of the operational 
changes to digester Dl is given in Table 2.1, and the averages of the measured 
parameters for this period are given in Table 3.1. 
On day 157 the feed rate was increased to 2.0 I/day. With the digester volume still at 
141, this meant that the retention time was 7 days. These conditions were maintained 
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Table 2.1: Operational changes made to digester Dl (Day 1to211) 
Day Feed sludge 
type 










63 (sludge stored at 4°C due to break in experimentation) 
113 Heat treated variable 141 0-1.161 
(stabilisation period after storage) 
121 Heat treated 12 days 141 1.161 
157 Heat treated 7 days 141 2.01 
185 Heat treated 4days 121 3.01 
(digester classified as failed after 5 days) 
190 Heat treated variable 121 0-0.51 
(revival period for digester) 
197 Heat treated 12 days 121 1.01 
201 Heat treated 7 days 121 1.711 
·i .. 












for 28 d~ys. On day ~67 the digester started foaming. 'The pr~blem was remedied by 
withdrawing sludge until the foam layer was level with the top paddle at 141 volume. 
After about 10 minutes the foam had disappear~d and the withdrawn sludge was fed 
back into the reactor. By day 170 the digester was foaming again. On day 171 the 
stirrer shaft was taken out of the digester and the paddles were adjusted so that the 
top paddle lay level with the surface of the sludge in the digester. No more foaming 
occurred during this phase of the experimentation. Apart from the short periods of 
foaming the test results during .this phase were relatively constant and showed the 
signs of stability described earlier (for day-to-day tables and graphs of this data see 
Appendix C). The results were therefore considered to be representative of the 
characteristics of the sludge under the conditions in the digestet. A summary of the 
operational changes to digester Dl is given in Table 2.1, and the averages of the 
measured parameters for this period are given in Table 3.1. 
On day 185 the feed tate was increased to 3.0 1/ day. The desired retention time here 
was 4 days, which, With a digester volume of 14 1, would have required a feed rate of 
3.5 1/ day. The reactors, which were operated at a retention time of 1.5 days, would 
have required a combined volume of 5.25 I to heat· treat the sludge.· The available 
volume was 4.51, which gives a feed rate of 3;0 I/day. To attain a retention time in the 
digester of 4 days it was necessary, therefore, to reduce the operating volume of the 
digester to 12 1. After 1 day the digester began foaming. To remedy this the stirrer 
shaft was taken out and another paddle added to it. No more foaming was 
experienced after this. After the first feed of 3.01 the digester showed immediate signs 
of instability with the H2C03 • alkalinity dropping an~ the SCFA rising. This trend 
continued with other parameters also showing instability and on day 190 , 5 days after 
the change to 4 days retention time, the digester was classified, ~ccording to the 
guidelines laid out in section 2.4, as failed. 
Days 190 to 196 served as a revival period for the digester. Th'e vo_lume of the 
digester was maintained at 121 and the feed rate varied from 0 to 0.5 lfday. During 
this time the H2C03 • alkalinity and the SCFA concentrations attained their original 
stable operating levels (see Figures 3.11 to 3.14). On day 197 the feed rate was 
• I 
increased to 1.0 1/ day, while the digester volume was maintained at 121. This meant 
that the retention time was 12 days. These conditions were maintained for 4 days 
during which time the digester test results continued to be stable (see Figures 3.11 to 
3.14 ). The feed rate was therefore increased to 1. 71 1/ day while the digester volume 
was maintained at 121. This meant that the retention time was 7 days. The digester. 
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was operated at this retention time for 10 days, during which period the test results 
were relatively constant and similar to the results obtained earlier when the digester 
was first run at 7 days retention time. The digester was therefore considered to be 
stable and was shut down. A summary of the operational changes to digester Dl is 
given in Table 2.1. 
2.5.2 DESCRIPTION OF OPERATIONAL CHANGES MADE TO DIGESTER 
D2 
Digester D2 was started on day 1 with the same anaerobic sludge that was used for 
digester Dl. The digester was operated at a retention time of 15 days for 62 days. 
During this time the digester volume was maintained at 14 litres with a daily feed of 
0.93 litres of heat treated sludge. Throughout the experimentation the temperature of 
the digester was maintained at 37°C. The test results, specifically the H2C03 * 
alkalinity, pH, SCF A, and gas production, were relatively constant throughout the 62 
days of this phase of experimentation (for day-to-day tables and graphs of this data see 
Appendix C). The results were therefore considered to be representative of the 
characteristics of the sludge under the conditions in the digester at 15 days retention 
time. A summary of the operational changes to digester D2 is given in Table 2.2, and 
the averages of the measured parameters for this period are given in Table 3.1. 
From day 64 to 9ay 112 the sludge from the digester was stored in the laboratory at 
4°C without any feeding due to a break in the experimentation. On day 113 the 
sludge was transferred back to digester D2. Feeding with heat treated sludge started 
at a rate of 1.40 litres per day for 2 days, but the digester showed signs of instability 
and so the feeding was reduced to O for 1 day. For the following 5 days the feed rate 
was increased to 0.7 1/day. By day 120 the digester was showing signs of stability: the 
* H2C03 alkalinity was constant, as was the pH, and the gas production had increased 
and remained stable. The feed rate was therefore increased to 1.40 1/ day and 
maintained at this level for 30 days (day 121 to 150). The digester volume remained 
constant at 141, which means that the retention time was 10 days. The test results 
were relatively constant throughout the 30 days of this phase of experimentation (for 
day-to-day tables and graphs of this data see Appendix C). The results were therefore 
17 




















(sludge stored at 4°C due to break in experimentation) 
Heat treated variable 141 0-1.41 
(stabilisation period after storage) 
Heat treated 10 days 141 1.41 
Primary 10 days 141 1.41 








considered to be representative of the characteristics of the sludge under the 
conditions in the digester at 10 days retention time. A summary of the operational 
changes to digester D2 is given in Table 2.2, and the averages of the measured 
parameters for this period are given in Table 3.1. 
On day 151 the sludge feed type was changed to primary sludge. The feed rate 
remained at 1.4 I/day, and the digester volume at 141. The retention time therefore 
also remained the same at 10 days. These conditions remained the same for 30 days 
until day 180. During this period the test results were relatively constant (for day-to-
day tables and graphs of this data see Appendix C) and were, therefore, considered to 
be representative of the characteristics of the sludge under the conditions in the 
digester. This brought to an end the experimentation on digester D2. A summary of 
the operational changes to digester D2 is given in Table 2.2, and the averages of the 
measured parameters for the period from day 151to180 are given in Table 3.2. 
2.5.3 DESCRIPTION OF OPERATIONAL CHANGES MADE TO DIGESTER 
D3 
Digester D3 was operated in exactly the same manner as digester D 1. The feed rates 
were the same for the same time periods, the digester volume was the same for the 
same periods and therefore the retention times were the same for the same periods. 
The changes in operating characteristics were effected on the same days for the same 
reasons. Only}he feed type was different in that primary sludge was fed to the 
digester instead of heat treated sludge. Foaming did not occur to the same extent as 
in digester Dl and, therefore, did not present any operational problems. 
The digester was shut down on day 211 after completing all the necessary 
experimentation (for day-to-day tables and graphs of the data see Appendix C). A 
summary of the operational changes to digester D3 is given in Table 2.3, and the 
averages of the measured parameters for this period are given in Table 3.2. 
2.5.4 DESCRIPTION OF OPERATIONAL CHANGES MADE TO DIGESTER 
D4 
Digester D4 was started up with anaerobic sludge from the Mitchell's Plain 
Wastewater Treatment Plant. This anaerobic seed sludge was collected about 11 
19 
weeks prior to the startup of digester D4. The sludge was stored at 20°c for 4 weeks 
and at 4 °c for a further 7 weeks. Because digester D4 was started later than the 
others, what is day 113 for digesters Dl, D2 and D3 is actually day 1 for digester D4. 
The reason for this is that digester D4 was still under construction while the other 
digesters were being operated. Due to the long storage period of the seed sludge it 
was unstable when it was added to digester D4. As a result the initial stabilising 
period was longer than that experienced by the other digesters after storage of their 
sludges. 
The operating volume for digester D4 until the end of experimentation was 141, while 
the operating temperature was 37°C. For the first 2 days after startup the digester 
was fed 0.93 I/day of primary sludge. Test results showed that the concentration of 
SCFA's was very high and the H2C03 * alkalinity was very low compared with the 
other digesters. Therefore, after 1 day of no feeding, the feeding rate was set at 0.5 
1/ day of primary sludge for the next 15 days. During this period the SCF A's dropped 
to a level much closer to that of the other digesters with a concomitant increase in the 
HzC03 * alkalinity. 
On day 19 the feed rate was increased to 0.93 I/day. This meant that the retention 
time was 15 days. These conditions were maintained for 45 days until day 64. During 
this time the test results were relatively constant (for day-to-day tables and graphs of 
this data see Appendix C) and were therefore considered to be representative of the 
characteristics of the sludge under the conditions in the digester. Since there was no 
need for any further experimentation with digester D4, it was shut down. A summary 
of the operational changes to digester D4 is given in Table 2.4, and the averages of the 
measured parameters for this period are given in Table 3.2. 
In Chapter 3 the results of the investigation described in this chapter are presented, 
evaluated and discussed. The important parameters are statistically evaluated to 
establish if there is a difference in digestiblity between the two different feed types 
used. 
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Table 2.3 : Operational changes made to digester D3 (Day 1 to 211) 












63 (sludge stored at 4°C due to break in experimentation) 
113 Primary variable 141 0-1.161 
(stabilisation period after storage) 
121 Primary 12 days 141 1.161 
157 Primary 7 days 141 2.01 
185 Primary 4days 121 3.01 
(digester classified as failed after 5 days) 
190 Primary variable 121 0-0.51 
(revival period for digester) 
197 Primary 12 days 121 1.01 
201 Primary 7 days 121 1.711 
·1 .. 













Table 2.4 : Operational changes made to digester D4 (Day 1 to 64) 










19 Primary 15 days 141 











PRESENTATION, EVALUATION AND DISCUSSION OF THE 
RESULTS FROM THE INVESTIGATION 
3.1 INTRODUCTION 
In this chapter the results from this investigation are presented, evaluated and 
discussed. A summary of the results from the two different feed sludge types (viz. 
primary and heat treated sludge) is given first. Thereafter, the more important 
parameters are compared statistically to establish if there is a difference in the 
anaerobic digestibilities of the two feed types. The implications of the statistical 
comparison of the results from the two feed types are discussed, and finally, the results 
are compared with results from other research on anaerobic digestion of sewage 
sludge. 
3.2 SUMMARY OF EXPERIMENTAL DATA COLLECTED FROM DIGESTERS 
Dl, D2, D3 AND D4 
The experimental data collected from dig esters D 1 to D4 was analysed and averages 
of the appropriate parameters were calculated. The data collected during the first 
retention time period of each retention time that the digesters were operated was not 
included in th,e calculation of the averages. The first retention time period was a 
stabilising period and the data collected during these periods was not considered to be 
representative. The averages of the data collected from the digester~ fed heat treated 
sludge, and the averages of the calculated parameters, are given in Table 3.1. The 
averages of the data collected from the digesters fed primary sludge, and the averages 
of the calculated parameters, ate given in Table 3.2. Detailed tables showing the day-
to-day data and calculated parameters are given in Appendix C. 
Of the averages given in Tables 3.1 and 3.2, the parameters that give an indication of 
digester performance are: 
1) percent VS removed 
2) percent COD removed 
3) gas production per day 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































5) digester gas composition(% CQi and CH4) 
6) influent and effluent pH 
7) influent and effluent H2C03 * alkalinity 
8) influent and effluent SCP A 
9) digester SCP A:alk ratios 
Graphs of these parameters are given below in Figures 3.1 to 3.9 respectively. 
Accompanying each of these graphs is an evaluation of the data contained in each 
graph and a discussion of the implications of this data. Following these discussions 
three more graphs are given for interest in Figs. 3.10 to 3.12 showing influent and 
effluent TKN, influent and effluent ammonia, and gas produced per VS and COD 
added. For the day-to-day graphs of the above parameters from which the averages in 
Tables 3.1 and 3.2 were calculated see Appendix C . 
. 
The graphs of the parameter averages depict the characteristics of the digesters when 
they were operating under stable conditions. Figures 3.13 to 3.16 show the paths to 
failure of the digesters Dl and 03, as indicated by the parameters SCFA, H2C03 * 
alkalinity, SCFA:alk ratio and gas production, respectively. 
3.3 EVALUATION AND DISCUSSION OF THE VOLATILE SOLIDS 
REMOVAL DATA 
Figure 3.1 shows the variation of the percentage VS removal with retention time in 
the digesters for the two different feed types. It can be clearly seen from this figure 
that there is a definite decrease in the efficiency of the anaerobic process with a 
decrease in retention time. The % VS removal for the heat treated sludge feed 
decreased from 51.2% at 20 days retention time to 41.8% at 7 days retention time. 
This represents a decrease in efficiency of 18%. The % VS removal for the primary 
sludge feed decreased from 52.8% at 20 days retention time to 43.4% at 7 days 
retention time. This also represents a decrease in efficiency of 18%. 
It should be recalled at this point that problems were experienced with foaming in the 
digester Dl when operated at a retention time of 7 days. On day 171 the foaming 
problem was eliminated, as described in sub-section 2.5.1. The day-to-day graph of% 
VS removal (see Appendix C) shows that after day 171 the digester effluent VS 
concentration increased by about 3.5 g/l, from about 12.5 g/1 to about 16.0 g/1. The 
VS concentration showed only a very slight decline from day 172 until the end of the 7 
28 
% VS REMOVAL IN ANAEROBIC DIGESTERS 











0 2 ·4 6 e 10 12 14 16 lB 20 
Retention Time (4ays) 
-a- ~rem - beat treat. -!- ~rem - primary + VS(inf) beat treat. 
-8- VS(inf) primary "'* VS(eff) heat treaL + VS(eff) primary 
Figu.re 3.1: Graph showing the variation with retention time of the % VS removed for 
the digesters fed primary and heat treated sludge. The graph also includes 
data on the influent and effluent VS .concentrations from which the · % VS 
removed data was calculated. It was concluded that there was no 
significant difference between the % VS removals of the digesters fed 
primary and heat treated sludge. · 
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day retention time period on day 185. It appears, therefore, that there was a high 
concentration of unbiodegradable solids in the layer of foam that had developed in 
the free space above the surface of the liquid in the digester. Once this foam layer 
was broken up the unbiodegradable solids that were stored in it were released into the 
digester liquid. As a result, the total VS concentration increased, and only showed a 
gradual decline as the excess unbiodegradable VS was withdrawn from the digester 
along with the sludge that was wasted daily. As a consequence of this the digester Dl 
showed a lower % VS removal than it should have. 
Statistical comparisons (Guttman, Wilks and Hunter, 1982) between the two % VS 
removed data points for each of the different retention times show that, at a 95% 
confidence interval, there is no difference between these pairs of data points, except 
for those at 15 days retention time. However, the difference between the % VS 
removed data points at 15 days retention time is only 6.6%. Operationally speaking, 
this is a negligible difference. It can, therefore, be concluded that, as indicated by the 
parameter % VS removal, there was no difference in digestibility between the heat 
treated sludge and the primary sludge. A corollary of this conclusion is that there was 
no conditioning of the primary sludge by the heat treatment insofar as % VS removal 
is concerned. 
3.4 EVALUATION AND DISCUSSION OF THE COD REMOVAL DATA 
Figure 3.2 shows the variation of the percentage COD removal with retention time in 
the digesters_ for the two different feed types. It can be clearly seen from this figure 
that there is {definite decrease in the efficiency of the anaerobic process with a 
decrease in retention time. The % COD removal for the heat treated sludge feed 
decreased from 53.4% at 20 days retention time to 39.2% at 7 days retention time. 
This represents a decrease in efficiency of 36%. The value for % COD removal for 
the heat treated sludge at 7 days retention time was lower than expected. The reasons 
for this are explained in the next paragraph. The % COD removal for the primary 
sludge feed decreased from 55.4% at 20 days retention time to 44.9% at 7 days 
retention time. This represents a decrease in efficiency of 23%. 
The lower than expected % COD removal for the heat treated sludge at 7 days 
retention time may be attributed to the foaming problem that was mentioned in 
30 
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Figu.re 3.2: Graph showing the variation with retention time of the % COD removed 
for the digesters fed primary and heat treated sludge. The graph also 
includes data on the influent and effluent COD concentrations from which 
the % COD removed data was calculated. It was concluded that there was 
no significant difference between the % COD removals of the digesters fed 
primary and heat treated sludge. · · 
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subsection 2.5.1 and section 3.3 above. The reasons for the lower than expected % 
COD removal are the same as those specified in section 3.3 above for the lower than 
expected % VS removal value for the heat treated sludge at 7 days retention time. 
Therefore, the decrease in efficiency of the anaerobic process with respect to % COD 
removal of 36% is unrealistic. A value similar to the 23% decrease in efficiency for 
primary sludge is probably a more realistic value. 
Statistical comparisons (Guttman, Wilks and Hunter, 1982) between the two% COD 
removed data points for each of the different retention times show that, at a 95% 
confidence interval, there is no difference between these pairs of data points , except 
for those at 7 days retention time. The reason for this exception was explained above. 
It can, therefore, be concluded that, as indicated by the parameter % COD .removal, 
there is no difference in digestibility between the heat treated sludge and the primary 
sludge. A corollary of this conclusion is that there was no conditioning of the primary 
sludge by the heat treatment insofar as % COD removal is concerned. 
3.5 EVALUATION AND DISCUSSION OF THE GAS PRODUCTION DATA 
Figure 3.3 shows the variation of gas production per day with retention time. From 
this figure it can be seen that with a decrease in retention time there is a marked 
increase in gas production. This is a predictable trend since, as long as the digester 
volume is constant, the shorter the retention time, the larger the volume of sludge that 
is fed to the digester. The more sludge fed to the digester, the more gas that will be 
produced. 
The gas production averages have not been compared statistically because they are 
dependant on a number of variable parameters, the main one being the feed sludge 
concentration. The gas production is best presented in more specific terms like: litres 
gas produced per gram VS removed (see section 3.6). 
3.6 EVALUATION AND DISCUSSION OF THE GAS PRODUCTION PER VS 
AND COD REMOVED DATA 
Figure 3.4 shows the variation with retention time of gas production per VS and COD 
removed. This figure shows that, with the exception of the values for the heat treated 
sludge at 7 days retention time, the data remains virtually constant with decreasing 





GAS PRODUCTION IN ANAEROBIC DIGESTERS 
Note, gas volumes measured at 
1 atm. and 20't 
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Figu.re 3.3: 
2 4 6 6 10 12 14 16 16 20 
Retention time (days) 
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Graph showing the vanatzon with retention time of the rate of gas 
production for the digesters fed primary and heat treated sludge. There is a 
marked increase in gas production with a decrease in retention time 
because of the increase inf eeding rate with the decrease in retention time. 
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removals were lower than expected for the heat treated sludge at 7 days retention 
time. However, the gas production did not seem to be affected by the foaming 
problem experienced in digester Dl (see Figure 3.3). It seems, therefore, that though 
foaming was a problem, the anaerobic processes continued inside the foam layer and 
the gas production was not affected. With the gas production unaffected and the VS 
and COD removals lower than expected, it makes sense that the calculations of gas 
produced per VS and COD removed for the digester fed heat treated sludge at 7 days 
retention time are higher than expected. 
Statistical comparisons (Guttman, Willes and Hunter, 1982) between the two gas-
production-per-VS-removed data points at each of the different retention times show 
that, at a 95% confidence interval, there is no difference between these pairs of data, 
except for those at 7 days retention time. The reasons for this exception were given in 
the paragraph above. 
In order to confirm the observation above that there is virtually no variation in gas 
production per VS removed, a statistical comparison between the data points for 
primary sludge at 20 days retention time and the data points for primary sludge at 15, 
12, 10 and 7 days retention time was performed. This comparison showed that, at a 
95% confidence interval, there was no significant difference between these data 
points. The same statistical comparison between the data points for heat treated 
sludge gave the same result. This statistical information, therefore, confirms the 
observation at the beginning of this section that the averages of the gas-production-
per-VS-removed data remained virtually constant with decreasing retention time for 
both the feed types. 
·'· 
The same statistical comparisons performed on the gas-production~per-VS-removed 
were also performed on the gas-production-per-COD-removed data. These 
comparisons gave the same results ie. (1) there was no significant difference between 
the pairs of data at each retention time for gas production per COD removed, and 
(2) the gas-production-per-COD-removed data remained virtually constant with 
decreasing retention time for both the feed types. 
From the above information it can be concluded that, as indicated by the parameters 
gas produced per VS and COD removed, there is no significant difference between 
the anaerobic digestibilities of the primary and the heat treated sludge. A corollary of 
this conclusion is that there was no conditioning of the primary sludge by the heat 
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CODrem & VSrem IN ANAEROBIC DIGESTERS 
GAS per CODrem &: VSrem (l/g rem.) 
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Figure 3.4: Graph showing tlze variation witlz retention time of tlze gas production per 
VS and COD removed for the digesters fed primary and heat treated sludge. 
It was concluded that there was no significant difference in gas production 
per VS and COD removed between the digesters fed primary and heat 
treated sludge. 
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treatment insofar as gas production per VS and COD removed is concerned. 
Furthermore, it can also be concluded that the gas production per VS and COD 
removed does not vary significantly with a change in retention time, as long as the 
digester is in a stable condition. 
3.7 EVALUATION AND DISCUSSION OF THE GAS COMPOSITION DATA 
Figure 3.5 shows the variation of the gas composition with retention time of the 
digesters. Since only the % carbon dioxide was measured, and the % methane 
calculated as the balance of the gas (see Appendix B for experimental procedures), 
what is true for the % carbon dioxide data, therefore, also holds true for the % 
methane data. 
Figure 3.5 shows that the gas composition does not change with decreasing retention 
time. Though the figure also shows that the % carbon dioxide in the digester gas for 
the two different feed types are virtually identical, a statistical comparison shows that, 
at a 95% confidence interval, there is a significant difference in the pairs of data at 
each retention time except for those at a 15 day retention time. However, the largest 
difference between any pair of data points is only 1.4 %COz. Operationally speaking, 
this is a negligible difference. Therefore, there is very little difference between the 
gas composition from the digesters fed primary and heat treated sludge. 
From the above discussion it can be concluded that, as indicated by the gas 
composition, there is very little difference between anaerobic digestibilities of the 
primary and heat treated sludges. It can, therefore, also be concluded that there was 
no conditioning of the primary sludge by the heat treatment insofar as gas 
composition is concerned. 
3.8 EVALUATION AND DISCUSSION OF THE pH DATA 
Figure 3.6 shows the variation of pH with retention time of the sludge wasted from the 
digesters. A statistical comparison between the pairs of data for the two different feed 
types at each retention time shows that, at a 95% confidence interval, there is no 
significant difference between these pairs of data, except at 10 and 7 days retention 
time. However, the largest difference in pH between any pair of data points, which 
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Figure 3.5: Graph showing the variation with retention time of the gas composition (% 
carbon dioxide and % methane by volume) for the digesters fed primal)' 
and heat treated sludge. It was concluded that there was only a negligible 
difference in the gas composition between the gasses from the digesters fed 











INFLUENT AND EFFLUENT 
pH IN ANAEROBIC DIGESTERS 
--------- -----------
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Graph showing the variation with retention time of the pH in the digester 
supernatant for the digesters fed primary and heat treated sludge. The 
graph also shows the pH of the influent sludge, illustrating the increase in 
pH through the anaerobic digesters. It was concluded that there was very 
little difference between the pH values in the digesters fed primary and heat 
treated sludge. 
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A statistical comparison between the pH data points for the primary sludge feed at 20 
days and 7 days retention time, shows that, at a 95 % confidence interval, there is a 
significant difference between these pH values. This means that there is a slight 
decrease in pH of 1.0% with a decrease in retention time. The same statistical test on 
the pH data for heat treated sludge gives the same result with a pH decrease of 1.5% 
between the pH values at 20 days and 7 days retention time. It should be noted that 
because of the effect of pH buffering by the H2C03 * alkalinity in the digester, the pH 
is unlikely to display large fluctuations when operated under stable conditions. Other 
parameters, like H2C03 * alkalinity and SCFA, that are linked to the pH are more 
likely to show larger fluctuations (see sections 3.9 and 3.10). 
From the above discussion it can be concluded that, as indicated by the pH 
measurement, there is very little difference between the anaerobic digestibilities of 
the primary and heat treated sludges. It can, therefore, also be concluded that there 
was no conditioning of the primary sludge by the heat treatment insofar as pH is 
concerned. 
3.9 EVALUATION AND DISCUSSION OF THE H2co3* ALKALINITY DATA 
Figure 3.7 shows the variation of the averages of the H2C03 * alkalinity with retention 
time in the digesters fed primary and heat treated sludge. Statistical comparisons 
between the pairs of data points at each retention time show that, at a 95% 
confidence interval, there is a significant difference between these data points, except 
at a retentimitime of 7 days. The largest difference between the data points of each 
pair is 5.3%, which occurs between the pair of data points at 20 days retention time. 
Operationally speaking, this is a negligible difference. 
Figure 3.7 also shows that there is a trend which indicates a decrease in H2C03 * 
alkalinity with a decrease in retention time. This trend is especially noticeable in the 
data for the digesters fed primary sludge, and in both sets of data between 10 and 7 
days retention time. 
Therefore, it can be concluded that, as indicated by the digester H2C03 * alkalinity, 
there is very little difference between the anaerobic digestibilities of the primary and 
heat treated sludges. It can, therefore, also be concluded that there was no 
conditioning of the primary sludge by the heat treatment insofar as H2C03 * alkalinity 
is concerned. 
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3.10 EVALUATION AND DISCUSSION OF THE SCFA DATA 
Figure 3.8 shows the variation of the averages of the SCF A concentration in the 
supernatant of the sludge wasted from the digesters fed primary and heat treated 
sludge. A statistical comparison between the pairs of data points at each retention 
time shows that, at a 95 % confidence interval, there is no significant difference 
between the two sets of data at retention times of 20, 12 and 10 days, while there is a 
significant difference at 15 and 7 days. The largest difference between the two sets of 
data is 33% at 15 days retention time. Operationally speaking, when dealing with 
such low SCF A concentration ( < 50 mg/I as HAc) this apparently large difference is 
insignificant. Figure 3.8 shows that there is a definite increase in SCF A with a 
corresponding decrease in retention time. The SCF A increase is from about 25 mg/I 
(as HAc) at 20 days retention time, to between 43 and 51 mg/I (as HAc) at 7 days 
retention time. 
Therefore, it can be concluded that, as indicated by the digester SCF A concentration, 
there is very little difference between the anaerobic digestibilities of the primary and 
heat treated sludges. It can, therefore, also be concluded that there was no 
conditioning of the primary sludge by the heat treatment insofar as SCF A 
concentration is concerned. 
3.11 EVALUATION AND DISCUSSION OF SCFA:alk RATIO DATA 
Figure 3.9 shows the variation with retention time of the SCF A:alk ratios of the 
dig esters fed primary and heat treated sludge. A statistical comparison between the 
pairs of data points at each retention time shows that, at a 95% confidence interval, 
there is no significant difference between the two sets of data at retention times of 20, 
12 and 10 days, while there is a significant difference at 15 and 7 days. The pair of 
data points at 15 days retention time show the largest difference between any pair of 
data points in Fig 3.9 of 35%. This difference appears to be large, but when dealing 
with such low values it is, operationally speaking, nominal. It can, therefore be said 
that there is very little difference between the SCF A:alk ratios for the digesters fed 
primary and heat treated sludge. 
Fig 3.9 also shows that there is an increase in SCF A:alk ratio with a decrease in 
retention time. The SCFA:alk ratio increases from between 0.012 and 0.013 (for the 
primary and heat treated sludges respectively) at 20 days retention time, to between 
0.023 and 0.028 at 7 days retention time. 
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Graph showing the variation with retention time of the SCF A 
concentration in the digesters fed primary and heat treated sludge. The 
graph also shows the SCF A concentration of the influent sludges, 
illustrating the increase in SCF A cone. through the anaerobic digesters. It 
was concluded that there was very little difference between the SCF A 
concentrations in the digesters fed primary and heat treated sludge. 
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Graph showing the variation with retention time of the SCF A:alk ratios in 
the digesters fed primary and heat treated sludge. It was concluded that 
there was very little difference between the SCFA:alk ratios in the digesters 
fed primary and heat treated sludge. 
Alkalinity= HzC03 *alkalinity 
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From the above discussion it can be concluded that, as indicated by the digester 
SCF A:alk ratios, there is very little difference between the anaerobic digestibilities of 
the primary and heat treated sludges. It can, therefore, also be concluded that there 
was no conditioning of the primary sludge by the heat treatment insofar as the 
SCF A:alk ratio is concerned. 
The figures shown and discussed in sections 3.3 to 3.11 are of the more important 
parameters related to the anaerobic digestibility of sludge. For interest a number of 
additional graphs of results given in Tables 3.1 and 3.2 are given below in Figs. 3.10 to 
3.12. These graphs show, respectively, the variation of the following parameters with 
retention time: 
1) gas produced per VS and COD added 
2) influent and effluent TKN 
3) influent and effluent free and saline ammonia 
3.U DISCUSSION ON FAILURE OF DIGESTERS Dl AND D3 
The paths to failure of digesters Dl and D3, as indicated by the parameters H2C03 * 
alkalinity, SCF A concentration, SCF A:alk ratio and gas production, are given in Figs. 
3.13 to 3.16 respectively. All of these graphs begin on day 157 of operation (for both 
the digesters) and end on day 211 when the digesters were shut down. From the 
period day 157 to 184 the retention time in both the digesters was 7 days and both 
digesters operated stably at this retention time. On day 185 the retention time in both 
digesters was reduced to 4 days. Fig. 3.13 shows how the H2C03 * alkalinity of both 
digesters dropped from above 1750 mg/I (as CaC03) on day 185 to below 1250 mg/1 
on day 190. As described in section 2.3 above, this rapid decrease in H2C03 * 
alkalinity showed that the digester was undergoing failure. Therefore, as indicated by 
the parameter H2C03 * alkalinity, both digesters failed at a retention time of 4 days. 
Between days 190 and 197 the retention time was increased to a minimum of 24 days 
and thereafter both digesters Dl and D3 showed an immediate recovery pattern. For 
the last 10 days of operation of both digesters the retention time was 7 days. During 
this period the H2C03 * alkalinities recovered to the same levels as those during the 
earlier 7 day retention time period before the failure. at 4 days retention time. 
Fig. 3.14 shows how the SCFA concentration in the liquor in digester Dl (fed heat 
treated sludge) rose from below 50 mg/I (as HAc) on day 185, when the retention was 
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Graph showing the variation with retention time of the gas production per 
VS and COD added for the digesters fed primary and heat treated sludge. 
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Figure 3.11: Graph showing the influent and effluent TKN at the different retention 
times for the digesters fed primary and heat treated sludge. 
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Graph showing the influent and effluent free and saline ammonia 
concentrations at the different retention times for the digesters fed primary 
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Figure 3.13: Graph showing the paths to failure of digesterspl (fed heat treated sludge) 
and D3 (fed primary sludge) with H2C03 alkalinity as the stability 
indicator. 
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reduced from 7 to 4 days, to above 450 mg/I on day 190. During the same period the 
SCFA concentration in the liquor in digester D3 (fed primary sludge) rose from about 
50 mg/I (as HAc) to about 400 mg/I. As described in section 2.3, these rapid 
increases in SCF A concentration showed that the digester was undergoing failure. 
During the last 10 days of operation when the digesters were at 7 days retention time, 
the SCF A concentrations in both digesters recovered to about the same levels as those 
during the earlier 7 day retention time period before the failure at 4 days retention 
time. 
Fig. 3.15 shows how the SCF A:alk ratio displays almost exactly the same failure 
pattern as that of Fig. 3.14 (SCFA cone.) described above. The comments made 
above, therefore, also hold true for the SCF A:alk ratio ie. that the digesters showed 
failure, as indicated by the SCF A:alk ratio, at 4 days retention time, and recovered to 
the same levels at 7 days retention time. 
Fig. 3.16 shows the variation in gas production over the critical period (measured at 1 
atmosphere pressure and 20°C). It should be noted here that gas production per VS 
and COD removed values are not calculated or plotted for this failure period. These 
values have no meaning because the digesters were not at a steady state at 4 days 
retention time. It is for this reason that only gas production per day is reported here. 
During the period when the digesters were first operated at a retention time of 7 days 
(days 157-184), the gas production for both digesters was averaging about 28 I/day 
(measured at a pressure of 1 atmosphere and a temperature of 20°c). When the 
retention time was changed from 7 to 4 days the feed was increased from 2 1/ day to 3 
I/day. One would therefore have expected a gas production increase in proportion to 
the feed increase. Instead, there was a decrease in gas production in both dig esters 
down to about 211/day by day 190. This indicated that the digester- was undergoing 
failure. At this point the feed was reduced in both digesters to between 0 and 0.5 
1/ day. As a result the gas production continued to drop until after day 197 when the 
feed was increased to 11/day. The gas production increased steadily and on day 201 
the feed was again increased in both digesters to 1.711/day, giving a retention time of 
7 days. The gas production continued to rise for 5 days (day 201 to 205), after which it 
leveled off at about 25 I/day for the last 5 days (day 206 to 211) of operation of both 
dig esters. 
Between days 157 and 185 both digesters were operated at a retention time of 7 days, 
with the feeding rate at 2 I/day and the digester volume at 141. When the digesters 
48 
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Figure 3.16: Graph showing the paths to failure of digesters D 1 (fed heat treated sludge) 
and D3 (fed primary sludge) with gas production as the stability indicator. 








were again operated at a retention time of 7 days, the feeding rate was 1.711/day and 
the digester volumes were 121 each (see section 2.5.1 for an explanation). One would 
expect the gas productions for each digester under these different operating 
conditions to be directly proportional to the feeding rates. A ratio of the two feeding 
rates gives: 2/1.71 = 1.17. Taking a ratio of the average gas production rates (which 
is about the same for both digesters) gives: 29 /25 = 1.16. The values are almost the 
same which indicates that both the digesters made a full recovery. 
To sum up the above information, it can be concluded that, as indicated by the 
parameters, (1) H2C03 *alkalinity, (2) SCFA concentration, (3) SCFA:alk ratio, and 
(4) gas production, the digesters Dl (fed heat treated sludge) and D3 (fed primary 
sludge) both failed at a retention time of 4 days. The digesters were then able to be 
operated at a retention time of 7 days again, after a recovery period of 11 days. 
' 
3.13 COMPARISON OF RESULTS FROM THIS INVESTIGATION WITH. 
RESULTS FROM OTHER INVESTIGATIONS ON ANAEROBIC 
DIGESTION OF SEWAGE SLUDGE 
Most reports on anaerobic digestion measure the performance of the digesters in 
terms of, (1) % VS removed, (2) % COD removed, (3) volume of gas produced per 
mass VS removed, and (4) volume of gas produced per mass COD removed. These 
parameters, where available, will form the basis of the comparison between the data 
collected during this investigation and· the data from other investigations into 
anaerobic digestion. 
~.: 
Table 3.3 below shows a list given by Ross (1988) of typical normal operating 
parameters for well-functioning high-rate (completely mixed at 37°C) anaerobic 
I 
digesters. As a comparison the same parameter averages from this investigation are 
also given. From this data it can be clearly seen that the average performance of the 
digesters in this investigation is better than that of the digesters used to compile the 
list given by Ross (1988). This is to be expected because Ross (1988) obtained his 
data from full scale digesters which are not operated under well controlled conditions 
like those in this investigation. 
Brade and Noone (1981) give % VS removal values of between 35% and 52% for 
digester retention time ranging from 12 to 19 days. These values are in the same 
range as those given in this thesis of between 43% and 53%. Brade and Noone (1981) 
also gives gas-produced-per-VS-removed values of between 0.77 and 0.93 m3 /kg VS 
52 
Table 3.3: Comparison between anaerobic performance data given by Ross (1988) 
and data obtained from this investigation. 
Research 
Parameter Units Ross, 1988 This investigation* 
% VS removed % 40 to 65 43 to 53 
Retention time days 15 to 25 7to 20 
Biogas production m "' 3/kg VSrem 0.4 to 0,7 1.15 to 1.27 
% CO2 in gas % 25 to 33 36 
Digester temp. degC 32 to 38 37 
pH of digester 6.8 to 7.2 7.08 to 7.19 
SCFAconc. mg/I < 400 < 50 
SCFA:Alk ratio 0.1 to 0.25 0.013 to 0.023 
?t-
gas volumes measured at 1 atmosphere _pressure and 20°c. 
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removed (temperature and pressure not given for these values). These are lower 
than the values given in this thesis of between 1.15 and 1.27 m3 /kg VS removed 
(measured at 1 atmosphere and 20°C). However, Brade and Noone (1981) conducted 
his research on a full scale digester of 950 m3 capacity. It is likely that the mixing 
conditions in the digester were not as efficient as the conditions that can be attained 
on a laboratory scale system. 
Table 3.4 shows a comparison between data given by Haug, et al, (1978), Messenger 
(1991) and data given in this investigation. Haug, et al, (1978), in an effort to establish 
' 
the effect of thermal pretreatment on anaerobic digestion, operated a number of 
1.1251 digesters at 15 days retention time and a temperature of 35°C. In his 
investigation a number of different sludge types were treated. The sludges of interest 
to this investigation were primary sludge and an activated-primary sludge mixture in a 
ratio of 1:1. For each sludge type a control digester was operated in which the feed 
sludge had no pretreatment. Another digester was operated using the same sludge 
type which had been thermally pretreated at 180°C for 30 minutes. Messenger (1991) 
operated a full scale dual digestion plant. The digester in his investigation had a 
capacity of 1000 m3 and was fed autoheated thermophilic aerobic sludge. It was 
operated and tested over a period of 30 weeks with an average retention time of 20 
days. 
The data given in Table 3.4 shows that there is very little difference between all the 
parameters. In fact, Haug, et al, (1978) concluded in his investigation that thermal 
pretreatment had no noticeable effect on the digestibility of primary sludge, and only 
a minor effect on the digestibility of the activated-primary sludge mixture. The data 
given by Messenger (1991) indicates a digester performance that is less efficient than 
the ones it is compared with. However, this may also be attributed to_ the fact that the 
digester was a full scale one, while the others were laboratory scale. 
With regard to the minimum retention time for anaerobic digestion, Dmevich and 
Matsch (1978) found that, in a bench scale dual digestion system, the anaerobic 
digesters were able to be operated at a retention time of 3 days (pH = 7.0; 
Temp. = 35°C). The % VS removal in the digester at this retention time was 16% 
which is a very low value. However, the overall system % VS removal was 28%. In 
the same investigation an anaerobic digester was operated at 7 days retention time 
giving a VS removal in the digester of 31 %, and an overall VS removal of 41 %. In 
this thesis investigation the average VS removal for the two different feed types at 7 



































































































































































































































































































































































































































































The information above shows that the overall VS removal performance of the two 
systems discussed here is very similar at 7 days retention time. Although more 
evidence is required, the above information also suggests that the thermophilic 
aerobic sludge is not more easily digested than the primary sludge. Therefore, it is 
possible that the aerobic stage of the dual digestion system does not improve the 
anaerobic digestibility of the sludge. This means that the claim (see Chapter 1) that in 
the aerobic stage the sludge is conditioned making it more readily digestible under 
anaerobic conditions, may not be justified. 
However, the claim (see Chapter 1) that the stability of the anaerobic stage is 
considerably improved by the increases in H2C03 * alkalinity and pH in the aerobic 
stage, seems to be more relevant to the disscussion. (This claim was conclusively 
verified by Messenger, 1991). It is probable that this improved stability of the 
anaerobic stage may acccount for the fact that an anaerobic digester fed thermophilic 
aerobic sludge can be operated at a shorter retention time than a digester fed primary 
sludge. 
de Villiers, et al, (1991) in their report on the dual digestion research carried out at 
Milnerton, indicates that problems were experienced when trying to operate the 
anaerobic digester at a retention time of 12 days. However, from the writers personal 
experience at the same plant, it was observed that mixing conditions in the digester 
were far from ideal. There was also an unusually rapid build up of grit in the digester 
over the period of research done by Messenger (1991) at the plant in Milnerton. This 
grit had to be taken out of the digester at the beginning of 1990. The quantities of grit 
involved are µnl?1own, but it undoubtedly affected the retention time in the digester . 
... t: 
Therefore, from a research point of view, the fact that the anaerobic digester was 
unable to be operated at a retention time of 12 days cannot be considered accurate 
information as it is likely that the actual retention time was shorter. 
The outcome of Dmevich and Matsch's (1978) research indicates that one of the 
claims about dual digestion listed by de Villers, et al, (1991) regarding the retention 
time of the anaerobic digester (see Chapter 1) may be based on some unspecified 
criteria. The claim says that retention times in the anaerobic stage of a dual digestion 
system can be reduced from 25 to 30 days, as in normal digesters, down to 8 to 10 
days. It is clear from this investigation that normal digesters have been operated at 
retention times as low as 7 days. It is also clear from the above discussion that 
digesters in a dual digestion system can be operated at retention times as low as 3 
days. Therefore, it is possible that the specified claim takes into account a safety 
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factor so that the given retention times are relevant to full scale digestion under 
conditions that are not ideal. 
From the above information it can be concluded that the digesters operated in this 
investigation yeilded results that conform closely with the results from other research. 
The data given in this thesis can, therefore, be accepted with confidence as being 




4.1 OBJECTIVES OF INVESTIGATION 
In a time when the world is becoming more environmentally conscious, and is looking 
for simple, efficient, economical and environmentally friendly solutions to sewage 
treatment, the dual digestion system appears as an attractive alternative to other 
sludge treatment systems. The dual digestion system comprises an autoheated 
thermophilic (55-65°C) aerobic first stage and a mesophilic (37°C) anaerobic second 
stage. Past research into the dual digestion system has given rise, inter alia, to the 
following claims (de Villiers, et al, (1991): 
a) sludge disinfection and stabilisation occur in one process - disinfection 
in the thermophilic aerobic first stage and stabilisation in the anaerobic 
second stage 
b) the stability of the anaerobic stage is considerably improved by the 
increase in H2C03 * alkalinity and pH in the aerobic stage 
c) in the aerobic stage the sludge is aerobically or thermally pretreated 
(conditioned) making it more readily digestible under anaerobic 
conditions, thereby allowing significantly reduced retention times from 
25 to 30 days for normal digestion, to 8 to 10 days 
Messenger (1991) verified claims (a) and (b), but was unable to verify claim (c) above. 
With regard. to claim (c), no conclusion could be reached as to whether the 
$_, 
conditioning of the sludge was caused simply by the heating of the sludge or by the 
biological action of the thermophilic bacteria in the sludge. The objectives of this 
investigation were, therefore, to: 
(1) determine whether or not the exposure of the sludge to thermophilic 
temperatures caused the conditioning of the sludge 
(2) determine how the performance of the anaerobic digester fed heat 
treated primary sludge compared with a digester fed untreated primary 
sludge 
4.2 EXPERIMENTAL PROCEDURE 
In order to fulfill the objectives above, four 14 litre anaerobic digesters were operated 
using two different feed types viz.: (1) primary sludge, and (2) heat treated primary 
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sludge. The heat treatment process took place in stainless steel reactors that were 
operated at a retention time of 1.5 days and a temperature of 65°C. These parameters 
were selected to simulate the heating conditions in the aerobic reactor that was 
operated as part of the dual digestion system at the Potsdam Wastewater Treatment 
Plant in Milnerton, Cape Town. The digesters were all operated at a temperature of 
37°C while the retention times were progressively reduced until they failed. The 
purpose of this was to establish the minimum retention for the anaerobic digestion of 
the two feed types mentioned above and, therefore, to determine if there was any 
difference in digestibility between the two sludge types. From these results it would 
be possible to determine if the heat treatment process had any conditioning effects on 
the primary sludge that enhanced anaerobic digestion. 
4.3 CONCLUSIONS 
The results obtained from the experiments described above gave rise to the following 
conclusions: 










percent VS removed 
percent COD removed 
gas produced per VS and COD removed 
digester gas composition (% C02 and C"4) 
pH 
H2C03 * alkalinity 
SCFA concentration 
SCFA:alk ratios 
the digestibilities of the primary sludge and the heat treated sludge 
showed no significant difference. 
(2) There was no noticeable conditioning of the primary sludge by the heat 
treatment process insofar as digestibility is concerned. 
(3) The digesters fed primary and heat treated sludge were both operated 
under stable conditions at a retention times of 20, 15, 12, 10 and 7 days, 
but failed at a retention time of 4 days. 
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4.4 DISCUSSION 
Past research on a bench scale (Drnevich and Matsch, 1978) has shown that the 
anaerobic stage of a dual digestion system can be operated at a retention time as low 
as 3 days. This investigation has shown that a normal digester fed primary sludge can 
be operated a retention time as low as 7 days. Therefore, it is possible that claim ( c) 
above, regarding digester retention times, takes into account a safety factor so that the 
given retention times are relevant to full scale digestion under conditions that are not 
ideal. 
From this thesis investigation it is clear that thermophilic heat treatment of primary 
sludge does not improve the digestibility of the sludge under anaerobic conditions. In 
other words, the heating process does not condition the sludge. This result indicates 
that in a dual digestion system, the heat generated in the aerobic stage is not 
responsible for the conditioning effect that the aerobic stage has on the sludge. It is 
most probable that the bacteriological action on the sludge is responsible for any 
conditioning. However, the effects of the aerobic conditioning on the anaerobic 
digestion process are still uncertain and more research on this system is required to 
conclusively verify some of the claims about it. 
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APPENDIX A 
EXPERIMENTAL APPARATUS MAKING UP THE DIGESTION 
SYSTEM 
A.1 Introduction 
A description of the apparatus used in this thesis is given in this appendix. Items 
covered are: 
1) the typical design of the reactor used for thermophilic heat treatment of 
the primary sludge 
2) the typical design of an anaerobic digester 
A.2 'fipical reactor desi1m 
A schematic drawing of one of the two thermophilic heat treatment reactors used in 
this thesis is given in Figure A 1. Each 2.25 litre container was made of low grade 
stainless steel to prevent corrosion and subsequent contamination of the sludge 
processed in it. Also, the reactor had to be able to withstand the relatively high 
operating temperature ( 65°C). To attain this temperature the reactors were placed in 
a water bath with a temperature regulator. On top of the reactor was a perspex lid on 
which was mounted a stirrer motor. Attached to the motor was a stainless steel shaft 
which extended through the lid to the bottom of the reactor. Attached to the shaft 
was a perspex paddle with 4 blades. Standing vertically against the iµside wall of the 
reactor were 2 baffles, secured with screws 180° apart. The baffles were used to 
create turbulence and thus ensure thorough mixing. 
A.3 'fipical di2ester desi1m 
A schematic drawing of one of the four anaerobic digesters used in this thesis is given 
in Figure A2. Each 14 litre container was made of a perspex tube with a diameter of 
200mm. A flat perspex disc formed the base of the digester. An outlet port was 
formed by drilling a lOmm diameter hole in the base of the digester, and gluing into it 
a 50mm length of perspex tube. 
I 
HEAT TREATMENT REACTOR 
Volume = 2.25 1 
. operating temperature = 6S0 c ' 
motor 
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Fig:ure A.1: Diagram of the 2.25 litre stainless steel heat treatment reactor that was 
operated at a retention time of 1.5 days to heat treat primary sludge. 
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operating temperature = 37°C 
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Figure A.2: Diagram of the 14 litre perspex anaerobic digester that was operated during 
this investigation., 
III 
The lid of the digester was also made of perspex and was fixed to the top of the 
digester by means of 6 wing nuts. To ensure that the digester was sealed at the union 
between the tube and the lid, an 'O' ring was inserted between the two. Into the lid 
were fixed an inlet port and a gas port in the same manner used for the outlet port. 
Another hole was drilled in the lid and was used as an entry for the thermostat and its 
flex. Once the thermostat was fixed in place the hole was plugged with silicone 
sealant. 
Mounted on the lid of the digester was a stirrer motor. Attached to the motor was a 
stainless steel shaft which extended through the lid to the bottom of the digester. 
Attached to the shaft were 2 perspex paddles with 4 blades each. Standing vertically 
against the inside wall of the digester were 2 baffle plates, secured with glue 180° 
apart. The baffles were used to create turbulence and thus ensure thorough mixing. 
The hole through which the stirrer shaft passed was sealed With a water seal. A sketch 
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Detailed diagram of the water seal that was mounted on the lid of the 
digester to prevent any gas leakage. 
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APPENDIXB 
PROCEDURES FOR THE OPERATION, SAMPLING AND TESTING 
OF THE DIGESTION SYSTEMS 
B.1 Introduction 
This appendix describes the methods employed for the operation, sampling and 
testing of the digestion system used in this thesis. The procedures covered are: 
1) sludge collection, preparation and storage 
2) sampling and feeding of the system 
3) general system operation and maintenance 
4) testing performed on the primary, heat treated and anaerobic sludges 
B.1 Slud2e collection. preparation and storai=e 
Since the initial research into dual digestion took place at the Potsdam Wastewater 
Treatment Plant in Milnerton, all the primary sludge used in this thesis was collected 
there. The primary sludge at the Potsdam Wastewater Treatment Plant is derived 
from two sources, 1) primary sedimentation and, 2) secondary sedimentation. The 
sludge from secondary sedimentation is produced in the trickling filters which precede 
the secondary settling tanks. Both the primary and secondary sludges are pumped 
into the primary storage tank and consequently into a fibreglass thickening tank. It 
was from the thickening tank that all the sludge used in this thesis was collected. 
The primary sludge was transported to the laboratory in 30 litre plastic containers and 
stored in the cold room at a temperature of 4 °c. The amount of sludge collected on 
each trip was calculated to last 10 - 14 days. Before a container of sludge was used it 
was first sieved by hand through a 3mm wire mesh. This was to avoid blockages and 
clogging up of the system. 
B.3 Sampling and feeding of the system 
Every day within 1 hour of the same time sludge from the anaerobic digesters was 
wasted. The quantity of sludge wasted from each digester depended on the retention 
time of the digester and was calculated as follows: 
VI 
Waste sludge (1) = Volume of digester (1) 
Retention time (days) 
A 200ml sample from the wasted sludge was retained for testing and the rest of the 
sludge was thrown away. 
Sludge from the heat treatment reactors, which were operated continuously at a 
retention time of 1.5 days, was wasted immediately after wasting sludge from the 
digesters. The volume of sludge processed in the reactors was calculated so that the 
quantity of sludge wasted would equal the quantity of sludge required for feeding the 
digesters and for sampling. The volume of sludge processed per day was calculated as 
follows: 
Vol. sludge processed (1) = (Vol. required for feeding 
+ 200ml for sample)* (1.5 
day retention time) 
Seeing that 2 reactors were used the sludge from both reactors was mixed in a plastic 
container before wasting . A 200ml sample was taken from this for testing. The 
quantity of sludge required for feeding the digesters was measured out, and to the 
sludge remaining in the plastic container was added the primary feed sludge. This 
mixture of heat treated sludge and primary sludge was shared between the reactors. 
The heat treated sludge that was measured out from the reactors was used to feed the 
digesters that required heat treated sludge. The sludge was poured into the digesters 
via a funnel c01p1ected to the inlet port. After this the primary sludge was measured 
out and fed to the digesters that required the primary sludge. A 200ml sample was 
taken from the primary sludge for testing. 
B.3 General operation and maintenance 
Before wasting from the digesters the gas outlet pipes had to be disconnected from 
the gas meters otherwise the suction caused by draining the sludge would suck the 
water from the water seals into the digester. One of the gas meters was filled with 
acidic water and the suction from wasting sludge could have caused this liquid to be 
sucked into the digester. The result would have been an immediate drop in pH and 
HzC03 * alkalinity. 
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Two of the stirrer motors operated at quite a high temperature. This heat was 
conducted down the stirrer shaft and heated the water in the water seals causing them 
to evaporate at a relatively high rate. The water seals therefore had to be topped up 
daily so that no gas escaped from the digesters and affected the gas meter readings. 
The water in the water bath also evaporated quickly and had to be topped up at least 
every 2 days to prevent it from drying up. 
B.S Tests performed on the primacy, heat treated and anaerobic slud&es 
The digester influent and effluent sludges were tested daily. This included testing (1) 
the primary sludge that was used to feed the digesters and the reactors, (2) the heat 
treated sludge that was used to feed the digesters, and (3) the sludge wasted from the 
digesters. The following tests were conducted on the reactor and digester influent 
and effluent sludges: 
1) TKN 
2) Free and saline ammonia 
3) COD 
4) Total solids 
5) Volatile solids 
6) HzC03 *alkalinity 
7) Short chain fatty acids 
On the anaerobic digesters the gas production and the carbon dioxide content of the 
gases were measured. 
Due to the fact that there were only two gas meters available it was impossible to 
obtain gas production readings for every digester every day. When there were 4 
digesters operating gas production readings were taken once every 2 days. When 
there were 3 digesters operating gas production readings were taken twice every 3 
days. In the last stages of experimentation there were only two digesters operating 
and gas production readings were taken every day. 
The methods for analysis of COD, TKN, free and saline ammonia, total solids (TS) 
and volatile solids (VS) were obtained from 'Standard Methods for the Examination 
of Water and Wastewater', 16th edition (1985). 
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It should be noted that the solids tests performed in this investigation yeilded 'total 
solids (TS)' and 'volatile solids (VS)' as opposed to the more usual 'total suspended 
solids (TSS)' and 'volatile suspended solids (VSS)'. The reason for this was that when 
centrifuging a heat treated sample, the separated supernatant was very turbid and still 
contained a large portion of the suspended solids. Therefore, for universal 
comparison, all the samples were tested in the same manner which meant excluding 
the centrifuging step of the procedure. This same phenomenon was also experienced 
with the aerobic thermophilic sludge during the research on dual digestion at the 
Potsdam Wastewater Treatment Plant (Messenger, 1991). During this research all the 
sludge samples were also tested for TS and VS. 
The test for H2C03 * alkalinity and SCFA employed in this investigation is described 
in detail by Moosbrugger (1991). The test involves the titration of a sample of 
digester supernatant to 5 pH point with diluted hydrochloric acid. A computer 
program developed especially for the test calculates the H2C03 *alkalinity and SCFA 
concentration of the supernatant. 
The test for %C02 in the digester gas was performed with an apparatus that was 
developed in the laboratory by Moosebrugger. A photograph and a diagram of this 
apparatus are given in Figs. B 1 and B2. The apparatus operates on the simple 
principle that concentrated sodium hydroxide absorbs C02. Gas saturated with water 
vapour is sucked into the gas chamber (see Fig. Bl) by means of a syringe-type screw. 
This gas is then pushed through the sodium hydroxide chamber with the screw syringe. 
The C02 in the gas is absorbed by the NaOH thus reducing the volume of gas in the 
apparatus. ThisEas volume reduction induces a pressure reduction creating a suction 
in the apparatus. This suction is relieved as a volume of water from the reseivoir is 
'sucked up' the measuring column. The ~easurement of the height to which the 
volume of water rises is multiplied by a factor to give the %C02. This factor is 
obtained by calibrating the apparatus from time to time with a dry gas of known C02 
and CH4 percentages. The % methane in the gas was calculated as the balance of the 
%C02 measurement ie. %Cli4 = 100 - %CQi. This calculation introduces a minor 
error since wet gas at 1 atmosphere pressure and zo0 c occupies 2.4% of the gas 
volume. However, this error was considered to be. negligible for the purpose of the 
investigation. 
The gas samples that were tested with the %CQi apparatus were collected in a water 
sealed container (see Figs. B2 and B3). This gas sample container was designed so 
that the pressure build up in the digester while the gas sample was being collected did 
IX 
not break the water seal on the digester. To do this the sampler was designed so that 
the head of water in it was less than the head of water in the water seal on the 
digester. The water in the sampler was acidic so that it would not absorb any of the 
C02 in the gas. 
C02 APPARATUS 
-f-Jt hole measuring column 
"O" ring 
NaOH soaked 






from gas collecter 
Figure B.1: Diagr~ of the C02 apparatus that was used to measure the % C02 in 
the digester gas. The % CH 4 was taken as the balance of the volume of 
p. . ' 
x 




to CO:z apparatus 
I • . 
gas inl et pipe u 
.--gas outlet pipe 




















Figure B.3: ptag:am of the qas co/lecter in which the digester gas was collected prior to 
zt bezng tested wzth the C02 apparatus. · 
XII 
APPENDIXC 
TABLES AND GRAPHS OF THE DAY-TO-DAY MEASURED AND 
CALCULATED PARAMETERS FOR DIGESTERS Dl, D2, D3 AND D4 
This appendix gives tables and graphs of the day-to-day measured and calculated 
parameters for the digesters Dl to 04. It was from this data that the average values, 
as shown in Tables 3.1and3.2 in Chapter 3, were calculated. 
Table Cl gives all the day-to-day data for digester Dl. This table is followed by Figs. 
Cl to C12 which show graphically the daily variations of the most important data. 
Table C2 gives all the day-to-day data for digester D2. This table is followed by Figs. 
Cl3 to C24 which show graphically the daily variations of the most important data. 
Table C3 gives all the day-to-day data for digester D3. This table is followed by Figs. 
C25 to C36 which show graphically the daily variations of the most important data. 
Table C4 gives all the day-to-day data for digester 04. This table is followed by Figs. 
C37 to C48 which show graphically the daily variations of the most important data. 
The only parameter calculation that warrants explanation is the one used to calculate 
the % removal data for VS and COD. For this calculation it was assumed that a 
dynamic steady state existed in the digesters, in which case the following equation 
applied: 
% Removed = concentration in effluent x 100 
concentration in influent 
XIII 
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Fi~re Cl 3: Graph showing the day-to-day % VS removed in digester D2 for the period 
day 1 to day 181. 
TKN (mg N/1) 
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Fir:ure CJ 4: Graph showing the day-to-day influent and effluent TKN in digester D2 for 
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Graph showing the day-to-day influent and effluent free and saline 
ammonia concentration in digester D2 for the period day 1 to day 181. 
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Fi~re Cl 6: Graph showing the day-to-day o/o COD removed zn digester D2 f or th e 
period day 1 to day 181. 
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Fi~re C17: Graph showing the day-to-day influent and effluent pH for digester D2 
during the period day 1 to day 181. 
Fi~re C18: 
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Graph showing the day-to-day influent and effluent H 2CO 3 • alkalinities 
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Fiwre Cl9: Graph showing the day-to-day influent and effluent SCFA concentrations 
for digester D2 during the period day 1 to day 181. 
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Fiw.re C20: Graph showing the day-to-day ·SCFA:alk ratios zn digester D2 for the 
period day 1 to day 181. 
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Figure C21 : Graph showing the day-to-day gas production rates in digester D2 for the 
period day 1 to day 181. 




80 .... ··········· ·· ····"'!1-11 .. MYL .......... . . 
IIMt tl'MIN lludge ... . 








. ................ .. . 11 .. 1. &rMted . • ,.._ r · • lucla• · ...... .... .. .. 
...... ..... ,.,....,111 .• , ...... 
0 -t----r--,---r-.--.-,..._--.----,--r---,--....---,JL.....--r---r-+---r-...--,-' 
o 10 20 10 40 IO 10 10 10 to 100 110 120 130 1,0 110 1eo 110 110 
DAY No. 
I - " CO2 -+-" CH4 I 
Figure C22: Graph showing the day-to-day gas composition (% carbon dioxide and % 
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Figµre C23: Graph showing the day-to-day gas production per mass of COD removed 
and COD added for digester D2 during the period day 1 to day 181. 
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Graph showing the day-to-day gas production per mass of VS removed and 
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Figure C25: Graph showing the day-to-day % VS removed in digester DJ for the period 
day 1 to day 211. 
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Figure C26: Graph showing the day-to-day influent and effluent TKN in digester D3 for 
the period day 1 to day 211. 
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Fi~re C27: Graph showing the day-to-day influent and effluent free and saline 
ammonia concentration in digester DJ for the period day 1 to day 211. 
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llAY No. 
Fi~re C28: Graph showing the day-to-day % COD removed in digester D3 for the 
period day 1 to day 211. 
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Fiwre C29: Graph showing the day-to-day influent and effluent pH for digester DJ 
during the period day 1 to day 211. 
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• Graph showing the day-to-day influent and effluent H2CD3 alkalinities 
for digester D3 during the period day 1 to day 211. 
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FiiJUre C31: Graph showing the day-to-day influent and effluent SCFA concentrations 
for digester D3 during the period day 1 to day 211. 
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FiiJUre C32: Graph showing the day-to-day SCFA:alk ratios in digester D3 for the 
period day 1 to day 211. 
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Figµre C33: Graph showing the day-to-day gas production rates in digester D3 for the 
period day 1 to day 211. 
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Figµre C34: Graph showing the day-to-day gas composition (% carbon dioxide and % 
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Fiwre CJ5: Graph showing the day-to-day gas production per mass of COD removed 
and COD added for digester DJ during the period day 1 to day 211. 
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Graph showing the day-to-day gas production per mass of VS removed and 
VS added for digester DJ during the period day 1 to day 211. 
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GRAPH SHOWING % VS REMOVAL IN 
DIGESTER D4, 
(p,lraary 111,_. fNd) 
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Figure C37: Graph showing the day-to-day % VS removed in digester D4 for the period 
day 1 to day 64. 
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j -1nflu1nt TKH -+- 1fflu1nt TKH I 
Figure C38: Graph showing the day-to-day influent and effluent TKN in digester D4 for 
the period day 1 to day 64. 
LXXIV 
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Fi[:Ure C39: Graph showing the day-to-day influent and effluent free and saline 
ammonia concentration in digester D4 for the period day 1 to day 64. 
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Fi[:Ure C40: Graph showing the day-to-day % COD removed in digester D4 for the 
period day 1 to day 64. 
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FiiJwe C41: Graph showing the day-to-day influent and effluent pH for digester D4 
during the period day 1 to day 64. 
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FiiJure C42: Graph showing the day-to-day influent and effluent H 2CO 3 • alkalinities 
for digester D4 during the period day 1 to day 64. 
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Fi[:Ure C43: Graph showing the day-to-day influent and effluent SCFA concentrations 
for digester D4 during the period day 1 to day 64. 
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Fi[:Ure C44: Graph showing the day-to-day SCFA:alk ratios in digester D4 for the 
period day 1 to day 64. 
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Fif:l,lre C45: Graph showing the day-to-day gas production rates in digester D4 for the 
period day 1 to day 64. 
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Fif:l,lre C46: Graph showing the day-to-day gas composition (% carbon dioxide and % 
methane) for digester D4 during the period day 1 to day 64. 
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Figure C47: Graph showing the day-to-day gas production per mass of COD removed 
and COD added for digester D4 during the period day 1 to day 64. 
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Figure C48: Graph showing the day-to-day gas production per mass of VS removed and 
VS added for digester D4 during the period day 1 to day 64. 
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